Introduction
[2] The density of the Martian exosphere (i.e. the neutral atmosphere above $200 km) cannot be sampled by conventional remote sensing or in situ methods (thermal spectrometers, accelerometers). Recent studies using Precision Orbit Determination on high altitude orbiting spacecraft provided valuable insight on that region of the atmosphere where escape occurs [Konopliv et al., 2006; Forbes et al., 2006; Mazarico et al., 2007] . However, these studies were severely limited in temporal resolution; due to the very low density levels at the orbital altitude and the resulting small drag perturbations on the spacecraft trajectory, measurements could be obtained daily at best. With its much lower orbital altitude ($250 km compared to $400 km for Mars Global Surveyor, MGS, and Mars Odyssey, ODY), the Mars Reconnaissance Orbiter (MRO) [Zurek and Smrekar, 2007] offers an opportunity to obtain similar measurements but at much higher temporal, and therefore spatial, resolution.
Data and Methods
[3] We use the trajectory analysis program GEODYN II [Pavlis et al., 2006] to perform the study. We processed the dataset in short periods (called 'arcs'). Each arc is forwardintegrated using a number of highly accurate a priori physical models. The spacecraft initial state and various model parameters are then iteratively modified until the modeled trajectory best fits the observational constraints provided by the radio tracking data. The 1s-averaged Xband Doppler data from MRO provide dense coverage, thanks in part to the quality of the 1-way data enabled by the onboard Ultra-Stable Oscillator (USO) [Zuber et al., 2007a] . The range data are very sparse ($6,000 measurements over $1 year, compared to $17 million Doppler observations). Among the adjusted parameters, the drag coefficient C D is used to scale the atmospheric density predicted by the a priori atmospheric model [Stewart, 1987] . Because the orbit of MRO is lower than those of MGS and ODY, the gravity field models obtained previously [Lemoine, 2003; Konopliv et al., 2006] are not appropriate for small force recovery. Short-wavelength gravity anomalies not significant at 400 km altitude become important at 250 km. We used a recent solution obtained from $6 years of MGS data and one year of MRO data [Zuber et al., 2007b] . We also improved the modeling of the non-conservative forces (atmospheric drag, solar, albedo and planetary thermal radiation pressures) by including the effects of inter-plate self-shadowing in the cross-section calculations. It is particularly important for MRO because of its large 3-m-diameter High-Gain Antenna (HGA): the cross-sectional area entering the model equations for the solar radiation and the atmospheric drag accelerations can be overestimated by $20% and $30% respectively when not considering the effects of self-shadowing [Mazarico, 2008] . The errors are entirely propagated into the adjusted small force scale factors and can therefore contribute significant errors to the measured density. Highly variable self-shadowing, as in the case of the atmospheric drag for MRO, can also affect the orbital perturbation signature of non-conservative forces, and modify the way GEODYN distributes their individual contributions. We processed approximately one year of radio tracking data from the primary science phase, until October 19th, 2007. The viewing geometry from the Earth was increasingly favorable for drag recovery, best when the orbit is viewed edge-on.
Data Processing
[5] The force mismodelings are commonly due to the small, non-conservative accelerations. The actual atmospheric density experiences high-frequency, and sometimes large, changes compared to the predictions (the model by Stewart [1987] is a very simple semi-analytical model based on Mariner 9 and Viking data). Short arc durations are preferable in order to minimize the perturbations induced on the reconstructed orbit. Our arcs are generally shorter than 1 day, which is compatible with the frequent density estimates.
[6] The scale factor for the solar radiation pressure (C R ) is well-determined and close to 1, indicating good force modeling. The relatively large densities enable the adjustment of the predicted densities at frequencies up to once every two orbits (i.e. $4 hours). The situation is much more favorable than in the case of Mars Odyssey, for which the atmospheric drag was two orders of magnitude smaller than the solar radiation pressure [Mazarico et al., 2007] . For MRO, the magnitudes of the two forces are similar, but when considering only the along-track component the atmospheric drag dominates by one order of magnitude. The uncertainties of the recovered density values are 0.1 to 1% at 4-h temporal resolution (and smaller at lower estimation frequencies). Shorter estimation periods (one orbit, i.e. $2 h) lead to poor density recovery, high relative uncertainties and sometimes unreasonable values.
[7] The Root-Mean Square (RMS) values of the observation residuals of the converged arcs are generally small: $0.7 -0.8 mm/s for the Doppler; $2 m for the Range (Figure 1 ). However, we observe a significant increase in RMS (to about 3 mm/s) in the second half of the time series. The increase coincides with a density enhancement in the southern hemisphere due to the Summer 2007 dust storm, and can be attributed to short-comings of the a priori atmospheric model (which does not include dust storms). To compensate, we added empirical periodic (1-cycle per orbit) along-track accelerations in the orbit determination process. For each arc, an amplitude and a phase are estimated. The RMS values are reduced to nominal, and the phasing of the acceleration (maximum near periapsis, located near the south pole) is consistent with the expected dust storm effect on density. Thus, we added the equivalent density contribution of those empirical accelerations to our total measurements.
Atmospheric Results

Recovered Densities
[8] The 4-hour density measurements that we obtained (Figure 2 ) are remarkably consistent given that each arc is analyzed independently. In addition to the expected seasonal trend (model predictions in Figure 2 ), the effect of the Summer 2007 dust storm is clearly visible. The solar activity over the entire period is very low (solar minimum), which may explain why we do not observe the solar rotation periodicity noted previously by Forbes et al. [2006] and Mazarico et al. [2007] from MGS and ODY data respectively (moreover, the altitude sampled was much higher in both cases). The scatter around the seasonal trend is related to the atmospheric variability. For the 4-h time series, the estimated relative variability ranges between 5 and 15% (maximum near the beginning and near the end of the analyzed time period; minimum near DOY 2006 $ 520; see Figure 3c ).
Atmospheric Sampling
[9] Due to the slight orbit eccentricity and the periapsis location ($87°S), most of the drag on the spacecraft is encountered in the southern hemisphere. The drag is maximum near the south pole, but is still half of that near 20°S, so the southern low to mid-latitudes regions contribute as well. The south polar region is sampled every orbit because of the 92.8°inclination of MRO's orbit. Therefore, the densities shown in Figure 2 are referenced at a point 250 km above the south pole. This fixed location prevents orbital changes in periapsis altitude, etc. from affecting the time series and its interpretation. In addition, given the strong dependence of the exospheric temperature on the (a) Mean of density residuals over 60 days and 15°longitude. We successively translated the 60-day window by 1-day increments to obtain this figure. The color bar shows the residual magnitude in percent (compared to the density level in the same 60-day window). The ability to recover the wave structure is hindered by the background atmospheric variability: (b) standard mean error of the residual means in Figure 3a and (c) relative atmospheric variability (in %), which was obtained by smoothing the 30-day running standard deviation of the density time series. For convenience, (d) the absolute density from Figure 2 is also shown.
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local solar time, the day side contributes significantly more of the total atmospheric drag than the night side. To first order, it is thus possible to assume the measurements to principally reflect the density of specific longitudes. We assign each 4-h density measurement the equator-crossing dayside longitude (not very different from the periapsis longitude given the low-altitude polar orbit).
Longitudinal Variations
[10] We obtain density residuals by removing the longperiod density trend from the measurements. Due to the high level of background variability, 60 days of measurements were combined to obtain robust estimates of the longitudinal variations. We present the mean density residuals in 15°longitude bins (Figure 3a) and the associated average 'mean standard errors' (Figure 3b) . The early period, with low density and high variability, is not very favorable to the recovery of a small signal, but the signal-tonoise ratio improves during the southern summer dust storm season (see Figures 3c and 3d) . A coherent pattern in longitude, with a $6% amplitude, is visible in Figure 3 , especially for DOY 2006 > 450 when the density is high and the relative variability is low. This latter period coincides with the conditions described by Bougher et al. [1993] (solar minimum, southern summer dust season) most favorable to the observation of tides near the exobase. In addition to the clear wavenumber 2 pattern, wavenumber 1 was found to greatly reduce the RMS of the fit, while higher orders do not contribute. The fits for the amplitudes and phases have small uncertainties: respectively for waves 1 and 2, $0.92 ± 0.65% and $0.75 ± 0.42% for the amplitudes, and $22 ± 14°and $10 ± 7°for the phases.
Preliminary Interpretation
[11] Both amplitude and phase are well-constrained and consistent over periods much longer than 60 days, which gives us confidence in the observation of the atmospheric tides. There are several short-lived periods of low-amplitude values, but they are probably artifacts of the 60-day fitting. Nevertheless, the phase shift (Figure 3a) between the southern spring (L S = 180°to L S = 270°) and summer (L S = 270°to L S = 360°) appears to be real, and could be related to seasonal changes in the zonal wind structure of the lower atmosphere.
[12] The tides themselves appear to be fixed with respect to the planet, as the longitudinal patterns are consistent over $60 days in the body-fixed frame. However, the orbit of MRO is Sun-synchronous, such that the spacecraft ground track is always observed at the same local solar time (3 am/pm for MRO), so they are most likely nonmigrating tides. Such tides arise from the interaction of the solar radiation with zonal body-fixed heterogeneities. They were previously observed on Mars during the aerobraking phase of MGS, near 125 km altitude [Keating et al., 1998; Forbes and Hagan, 2000; Wilson, 2002; Withers et al., 2003] . Atmospheric tides were generally not thought to propagate into the exosphere, even though transport and molecular conduction are recognized to be more important processes in the Martian atmosphere than in Earth's [Bougher and Roble, 1991] .
[13] Nevertheless, the effects of damping are significant. We do not observe any contribution of wavenumber 3, which dominated the total density variations at lower altitude [Withers et al., 2003] . This is consistent from what can be expected from the Hough mode study of Withers et al. [2003] (cf. their Figure 17 ): the appropriate modes responsible for wave 3 non-migrating tides have shorter vertical wavelengths, so they are strongly damped. On the other hand, some of the Hough modes that potentially force waves 1 and 2 have long vertical wavelength, so we expect smaller damping and potential observation near 250 km. The amplitudes of the waves observed by the MGS accelerometer experiment are also compatible to first order with our results. We estimate wave amplitudes near 250 km altitude from data between 130 and 160km of Withers et al.
[2003, Figure 6 ]. Whether we consider the total density variations or only wavenumber 2, we obtain a range of predicted wave amplitude between 2 and 8% of the total density. This is in close agreement with our results ($6%), and strengthens our confidence in the wave structure observed with MRO.
Conclusion and Future Work
[14] The radio tracking dataset of the Mars Reconnaissance Orbiter has enabled the accurate recovery of numerous atmospheric density measurements over the mission's primary science phase (November 2006 to October 2007 . The low orbital altitude and relatively high atmospheric drag environment allow frequent estimation of density which results in unprecedented longitudinal resolution. Under favorable conditions (solar minimum, dust storm season, local solar time of 3 pm), non-migrating atmospheric waves are observed to propagate up into the exosphere. With the increasing solar activity of the new solar cycle, current atmospheric models predict that those waves will diminish in importance, and may disappear, due to the stronger in situ solar forcing in the exosphere. The timing of their disappearance may provide information on the mechanism(s) that control the structure of the exosphere.
[15] In the future, we will use numerical results of the MTGCM [Bougher et al., 2000] to further interpret the measurements obtained with MRO. This General Circulation Model has been successful in generating wave activity in the aerobraking region [Bougher et al., 1999 [Bougher et al., , 2006 . In addition to determining if waves similar to those found from the tracking data near 250 km (amplitude, phasing) are predicted numerically, it can be helpful in better understanding how our sampling (tied to the spacecraft orbit) affects the recovery of these waves.
